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& SUMMARY

As part of the program of studies on centrifugal impellers, the
problem of instability at low flows was investigated. The major cause was
found to be flow detachment from the impeller vanes. ]

Slotted blades were found to be the most effective means of
delaying this detachment, and extending the working range of the blower.

*1 speed Low speed studies were confirmed by a test program on a high
sedmachine, where it was demonstrated that the improved flow range was

accompanied by a general increase of efficiency.

The design and placement of the slots is discussed.

RESUME

Les r~sultats pr~sentks proviennent de travaux. experimentaux
relatifs i I'instabiitW des 6coulements i faible r6gime entrepris dans le cadre
d'un programme d'6tude des ventilateurs centrifuges. Il a 6t d~couvert que
le ph6nom~ne 6tait d&i principalement --. d~tachement du fluide des pales de
la couronne mobile.

L'emploi de pales fendues s'est dans ce cas r~v~l6 le moyen le plus
efficace pour retarder le d~tachement en question et accroftre ainsi le
rendement du ventilateur.

Les donn~es obtenues i petite vitesse ont 6t confirm~es dans un
programme d'essais sur une machine de haut r6gime dans lequel I'am~lioration
de la plage d'6coulement s'est accompagn6e d'une augmentation g6n~rale de
is performance.
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THE INFLUENCE OF BLADE PROFILE AND SLOTS

ON THE PERFORMANCE OF A CENTRIFUGAL IMPELLER

1.0 INTRODUCTION

An experimental investigation of the flow in centrifugal impellers took place in the Engine
Laboratory from 1963 to 1976. It became clear during the program that the detachment of flow from
the blade surfaces is one of the major influences on the poor distribution and stability of flow in the
impeller channels. After a general exploration of this flow detachment, it was concluded that slotted
blades were the most promising means of delaying instability and flow detachment as flowrate through
the impeller was reduced. A study on this subject was therefore included in the general program on
centrifugal impellers, and is reported herein.

A brief discussion of flow detachment, and the various preventive methods tested before
selecting slots as the most promising is given in Appendix A.

Qualitative experiments on three sets of blading, with and without slots, were then carried
out in a rotating impeller on the Low Speed Centrifugal Compressor Rig. The flow patterns, stability
characteristics and stall mechanisms were studied in detail. Following that program, a complete set of
Pressure rise/Flow characteristics was obtained for a slightly extended family of blading on the same
Low Speed Rig. These characteristics are presented, and their implications discussed, in the present
report.

Since it was shown that slotted blades appear to present a practical method of delaying flow
detachment and unstable flow in a centrifugal blower impeller, it was necessary to assess quantitatively
the capabilities of such a system, applied to an actual high-speed impeller. The final series of experi-
ments, carried out on the high speed compressor rig, fitted with two sets of similar blading, one slotted
and the other unslotted, is described at the close of this report.

The ultimate aim of the whole program was to raise the efficiency and broaden the operating
range of centrifugal blowers.

A centrifugal impeller is usually considered as a group of rotating quasi-radial channels, but
it is also valid to regard it as a group of aerofoils rotating in an airflow whose natural path relative to
them is a spiral. The work done by the impeller is therefore characterized by the degree to which the
aerofoil deflects the flow outwards from its undisturbed spiral path. The force doing this work is in

fact the lift generated by the aerofoils.

The blower characteristic is determined by the maximum lift coefficient generated by the
aerofoil blades, and the range of incidence angle (controlled by the incidence/RPM function) over
which this lift-coefficient can be maintained.

The maintenance of high lift-coefficient over a wide range of incidence is achieved in normal
aerofoil practice by using slots, and early experiments in the program defined the twin-slotted configu-
ration which appeared to be the optimum compromise between wide range, high lift-coefficient, and
low loss, for this application.

2.0 LOW SPEED EXPERIMENTS

Three sets of blades (see Appendix B, Figs. B-3, B-4, and B-5) were therefore designed for
the LSCC Rig (see Fig. 1), to fit into an impeller assembly which had already been extensively tested
(see Refs. I and 2).

Each of these sets of blades was built in duplicate, one built of solid blades (A) and one builtj with slots (B), and the unslotted and slotted builds of each set were tested over the same range of RPM
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and outlet throttle openings. Slow-motion movies of the flow visualized with smoke were taken at all
conditions, and pressure rise and volume flow measurements made.

The range of blades tested was increased by including a group of thin-plate blades (similar to
those reported in Ref. 2) conforming to the camber lines of each of sets 1, 2, and 3. These are identi-
fied as variant "C" and were assembled in two builds, "C" and "Cm", where Cm had an increased
number of blades in the ring.

The Pressure rise/Flow characteristics of these blade assemblies are presented in the present
report, with brief comments on their performance.

An index of the builds tested is given in Appendix B. Layouts of the impeller and measure-
ment stations, and of the blade builds, are given in Figures 2 and B-3, B-4, and B-5. Fan performance
characteristics of the various builds are shown in Figures 3 through 9.

For clarity, a very brief index of builds follows:

BRIEF INDEX OF BUILDS

Blade Form Camberline Shape

Curved Straight Curved
Swept-Back Swept-Back Radial Exit

Solid Aerofoil VB1-A VB2-A VB3-A

Slotted Aerofoil VB1-B VB2-B VB3-B

Thin Plate VB1-C VB2-C VB3-C

Thin Plate (Close Spaced) VB1-Cm VB2-Cm VB3-Cm

2.1 Description of Blades and Impeller

The impeller was common to all three sets of blading, and is shown in Figure 2. It is in fact
the impeller described in Reference 2 which also describes the unslotted version of the first of the
present three sets of blades, which are designated the VB Series.

The three sets of blading VB1, VB2, and VB3, in their aerofoil unslotted (VB1-A, etc.) and
slotted (VBI-B, etc.) forms, and in their thin plate form (VB1-C and VB1-Cm, etc.) are shown in
Appendix B, Figures B-3, B-4, and B-5. The aerofoil blades are of C-4 section (see Appendix B) with
max. thickness of 10% C occurring at 30% C behind the leading edge. The thin plate blades are of
constant thickness (Appendix B).

The camberline varied in the three sets, being a circular arc in VB1 and VB3, and a straight
line in VB2. The chord lengths were different in all three sets, and were determined by the outlet
blade angles, and the fixed inner and outer impeller diameters. The blade inlet angle was the same for
all three sets, but the arbitrarily selected blade outlet angle was different for each set.

The blade of VB1 was identical to that shown in Reference 2 and was a typical heavily
swept-back curved blade.

The blade of VB3 had the same inlet angle, but was oppositely-curved, with a radial exit.
This could be regarded as analogous to a "radial" impeller, with integral curved inducer blades.

The blade of VB2 was intermediate between these two, having the same inlet angle, and a
* straight camberline extending from this.

-9J
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This arrangement led inevitably to different chord lengths for the three sets, and the number
of blades in each build was chosen to hold the pitch/chord ratio approximately constant, where the
circumferential pitch of the blade leading edges was used as the "pitch" figure. This decision was an
arbitrary one, based on axial compressor practice, and appears to have led to too small a number of
blades in the VB3 set, where the performance at low flows could probably have been improved by a
larger number of blades.

In the case of the thin plate blades, additional builds were assembled (the Cm builds) in
which larger numbers of blades were put in the impeller ring, corresponding to the numbers tested in
the work described in Reference 2.

The slots were designed in accordance with the method described in Appendix C and are
shown in Figures B-3, B-4, and B-5.

2.2 Experimental Procedure

For details of the experimental procedure, the reader is referred to Reference 1. In addition
to the measurements described there, a total pressure kiel probe was inserted into the vaneless diffuser
space outside the impeller, at 1.07 m radius (0.33 m outside the impeller tip). This probe was mounted
at mid-height in the channel, to measure the total pressure rise across the impeller. The probe was
aligned to the local airflow for each reading, and the pressures read on a micromanometer.

A special micromanometer was designed and constructed for this task, as reasonably rapid
reading combined with great sensitivity was required. The instrument, in which null-point was observed
when an underwater needle met its reflection in the water surface as viewed from below the water
through an optical system, was accurate and repeatable to better than 0.025 mm water pressure. Care-
ful technique on the part of the rig operator and the observer allowed consistent fan performance
curves to be established with total pressure rises ranging from 2.00 mm H2 0 down to 0.18 mm H20.

2.3 Analysis of Results - Flow Quantity

From the hot-wire traverses in the inlet duct, it was possible to plot the inlet velocity profile,
divide the inlet into concentric annulae of equal area, and hence calculate accurately the volume-airflow
through the machine. This flow quantity is plotted against the total pressure rise in the fan, at the
series of throttle openings tested, in the curves of Figures 3 through 9.

2.4 Discussion of Results

This section should be read in conjunction with the physical picture of the flow, particularly
regarding its stability, presented in Reference 1.

From a careful study of the pressure rise vs. flow curves (Figs. 3 through 9), the following
observations may be made.

(i) There is surprisingly little variation between the curves for bladings A, B, C, and Cm, within
each of the sets 1, 2, and 3.

(ii) The design point (approximately the maximum efficiency point) and indeed the whole curve
moves to a higher pressure rise (for any set throttle opening) with the change from set 1 to 2
to 3, and hence to higher flows in the same progression.

(iii) In the range of flows above the design point, an unslotted blade gives a higher pressure ratio
than the corresponding slotted blade. However, the slotted blade gives a slightly higher
pressure rise just around the design point, particularly in sets 2 and 3.

(iv) At flows below the design point, in sets 1 and 2, flow visualization shows that the slotted
blade gives stable flow at a higher pressure rise than the unslotted one. For set 3, however,
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the slotted blades give a lower pressure rise than the unslotted ones below the design point.
But it is noted again from visualization that the unslotted set 3 blading gives unstable flow in
this region, and is therefore of little practical use at low flows.

(v) The thin plate blades give a higher design flow and the same max. pressure rise as the unslot-
ted aerofoils in sets 1 and 3, and give a higher max. pressure rise than the unslotted aerofoil
blades of set 2.

The pressure rise of the thin plate blades falls off slightly more steeply at high flows than
that of the aerofoil blades, slotted or unslotted, in all of sets 1, 2, and 3.

(vi) The thin plate build with the larger number of blades (Cm) gives a higher pressure rise than
that with the fewer blades (C). However C has a flatter characteristic with pressure rise
falling off less steeply. The maximum flow capacity of C is also higher than that of Cm.
Both C and Cm builds stall at approximately the same point.

(vii) Location of the stall point was difficult in all the experiments. It was only possible to say
that it lay somewhere between two test points, after analysing cin6 films of visualized flow.
The positive location of the stall points is most important, and is further discussed in the
high speed quantitative experiments described in the following section.

2.5 Conclusions from Low Speed Experiments

From the above somewhat complex set of observations, the following conclusions have been
drawn.

(i) Maximum flow capacity is shown by the thin plate blades C, which obstruct the passage
appreciably less than other blading.

(i(a)) The maximum pressure rise of the C blading can be raised by adding more blades (build Cm),
at the expense of a slight loss of max. flow capacity.

(ii) The best stability at low flow, and in sets 1 and 3 the highest maximum pressure rise, are
obtained from the slotted aerofoil blades, the type B. These qualities are obtained at the
expense of a reduced maximum flow in type "B". The air in effect "blows through the
blades" at high flows.

(iii) It appears likely, from inspection of the airflow patterns, that the slotted blades will be a
little noisier (white noise) at high flows, but much quieter at low flows, owing to lack of
stall. This may reflect in higher efficiency correlated with lower noise levels.

(iv) Slots give least advantage in terms of pressure rise and increased flow stability in a low-head-
rise swept-back impeller, which already has a wide range of stable operation.

Slots show to advantage in widening the low-flow stable operating range of high-head (more
nearly radial blade) impellers.

(v) The thin plate blades, (C and Cm builds) have good performance over a relatively narrow
range of flow near the design point (particularly the Cm build with more blades). As the
flow is reduced, these blades quickly stall, leading to compressor surge (cyclic stall).

At flows far above design point also, the thin plate blading has a poor performance, particu-
larly the Cm build. This relatively small working range follows logically from the narrow
incidence range of thin plate aerofoils.

(vi) It was not possible to locate the stall points positively, or to measure blower efficiency, in
this series of experiments.
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3.0 HIGH-SPEED EXPERIMENTS

The high speed test rig shown in Figure 10 was assembled for the tests. The impeller was
driven by an air turbine via a positive belt drive with a reduction ratio of 1.8: 1 and a quill shaft for
measuring the torque required to drive the rotor. The test impeller inhaled atmospheric air through a
wooden bellmouth and a straight, cylindrical duct 221 mm in diameter and some 1.5 m long, and
discharged through a volute equipped with a motor-driven sliding plate valve at its exit.

Rotor speed was controlled by throttling the compressed air supply to the drive turbine, and

the fan pressure ratio was varied by adjusting the plate valve at the volute exit.

3.1 Instrumentation

Instrumentation throughout was simple and direct. Pressures were measured with a bank of
manometers, inlet air temperature with a resistance thermometer, and fan speed with an electronic
counter triggered by a proximity pickup and a notched wheel on the fan drive shaft. Atmospheric
pressure was measured for each test with a mercury barometer.

Flush wall tappings provided the static pressures at the fan inlet and outlet. The total
pressure at the outlet was sensed by a traversing total head probe mounted at the same radial position
as the outlet static tapping, and was measured at five axial positions so chosen that each was at the
centre of an element of equal circumferential area. The probe was yawed to find the maximum value
for each of these positions.

The torsional deflection of the quill shaft was measured to find the impeller drive torque,
using the system of mirrors shown in Figure 10. A laser beam trained on a plane mirror mounted at
the driven end of the quill shaft was reflected to a fixed section of cylindrical mirror, thence to a plane
mirror at the other end of the quill shaft, and finally to a fixed scale visible from the observer's position.
A static calibration gave the conversion from scale reading to torque.

3.2 Description of Blading

The blades used were identical, in all but size, with those designated VB2-A and VB2-B in
the previous experiments (see Appendix B), and are sketched in Figure 11. Each impeller carried
eleven uncambered blades of C-4 aerofoil section riveted and cemented between two aluminum discs
of 458 mm diameter comprising the impeller. The span of each blade, and hence the spacing between
the discs, was 25 mm. The two sets of blades were identical except for the slots in the VB2-B blades.

3.3 Test Procedure

The parameter for each test run, comprising five or six points, was the "non-dimensional"
speed, NfV T, which was maintained constant by continual adjustment of the throttling valve in the air
supply to the driving turbine. Mechanical considerations dictated an upper rotational speed limit of
5000 revolutions per minute, thus restricting the pressure ratio to quite low values.

For each speed, the fan outlet throttle was used to vary the delivery pressure from a mini-
mum at full open throttle to the maximum that could be reached without surging. Surge could usually
be detected by ear, the airborne vibration being clearly audible even though ear defenders were worn.
An additional, though less definite, indication was provided by the increased vibration of the laser
beam spot on the torque meter scale. Surge was not readily detectable at the lowest speeds, where it
was often possible to close the throttle completely without noticeable distress.

3.4 Analysis

The volumetric flow rate through the fan was calculated from the inlet duct static
depression, using a discharge coefficient of 0.991 for a typical inlet pipe Reynolds number of
2.1W.,1__
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The equivalent total pressure at the fan exit was calculated from the five measured fan
outlet total pressures by an iterative method, using the arithmetic average of the five measured
pressures as the first trial value.

The aerodynamic power delivered by the fan in watts is simply the product of the flow rate
in cubic metres per second and the pressure rise across the fan in pascals.

Similarly, the shaft power absorbed by the fan is the product of shaft torque in newton
metres and the rotational speed expressed in radians per second. This neglects the frictional losses in
the two fan-shaft bearings, but this will be small and has been omitted.

The overall efficiency of the fan is then the quotient of delivered power divided by shaft
power.

3.5 Presentation and Discussion of Results

The test results for both the slotted and unslotted blades are superimposed for comparison
in Figure 12. The conventional presentation has been employed, in which fan pressure ratio is plotted
against "non-dimensional" volumetric flow rate, with "non-dimensional" speed as parameter. Super-
imposed on this plot, for each impeller, are lines of constant efficiency.

Examination of Figure 12 shows that both the pressure ratio and the surge characteristic are
improved by the addition of slots. While the improvement is significant at the higher pressure ratios,
the performance at low pressures is practically unaffected. More surprisingly, the slots improve the
peak efficiency from about 75% to almost 85%. The lowest efficiency, with fully-opened throttle, is
unaffected by the slots, and remains at about 40%.

3.6 Conclusions from High-Speed Experiments

The tests described suggest that a useful improvement in the surge limit and some increase in
pressure ratio may be expected from the addition of slots to the blades, and that this improved per-
formance is attended by a significant increase in efficiency.
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APPENDIX A

A1 FLOW DETACHMENT IN IMPELLER CHANNELS, AND INITIAL EXPERIMENTS TO
SELECT THE MOST PROMISING PREVENTIVE DEVICE

There are many methods of delaying the detachment of surface flow. Broadly speaking,
detachment occurs in the impeller channel for three reasons.

Firstly, rapid local diffusion in the channel may produce too high a positive pressure gradient
in the boundary layer, leading ultimately to reverse flow and detachment.

Secondly, the inertial forces of rotation may force the fluid to one side of the channel,
detaching the flow from the suction side.

Thirdly, three-dimensional flow due to pressure gradients may upset the flow, in a manner
analogous to the "secondary flow" well-known in axial compressor cascade theory.

Finally, excessive positive or negative incidence at the blade leading edge, due to operation
far off the design point, may stall the blades. This factor is being neglected at present, and will be con-
sidered at a later stage.

The first factor, excessive diffusion rate, can be studied in a stationary diffuser, and is well
understood.

The second factor can be simulated statically to some extent by bending the centreline of
the channel in an arc, so that flow along the channel is affected by a centrifugal force transverse to the
curved channel centreline. This permits very simple tests to be run statically for a preliminary assess-
ment of various schemes.

Preliminary tests were therefore run on a number of possible schemes, using a cambered
aerofoil in a two-dimensional tunnel, in which the two channel walls were simulated by the two
surfaces of the aerofoil. This method allowed the examination of slots passing from one side of the
"wall" to the other.

A most important criterion was that the schemes selected for further examination must be
stable. That is to say, that they are intended for use in a practical compressor which will encounter
changes of operating condition, and probably even surge. Under these circumstances, the device must
be capable of accepting an initially disturbed airflow, and stabilizing it into the required flow pattern.
A device which will only retain an initially good flow, but will break down once the flow has collapsed,
would not be acceptable.

A.2 INITIAL STATIC TESTS

Initial tests were run on a series of two-dimensional aerofoils of various cambers in the jet
issuing from a 0.13 m X 0.13 m nozzle on a low speed blowing tunnel. The aerofoils were modified by
the use of slots, vortex generators, a leading edge slat, and a deflector blade. At this stage of the
investigation, devices with externally powered blowing or suction, or rotating leading edges, were not
considered. This was simply because such systems would be complicated to install in an actual com-
pressor, and it was thought proper to consider the simpler systems first.

All these tests were run at zero incidence, on aerofoils with increasing degrees of camber, and
the effectiveness of the detachment-delaying devices judged on the basis of wool-tuft and smoke flow
visualization.,I _ _ _ _ _ _ _ _

~ I
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Figure A-i shows the smoke visualization of the flows around the aerofoils concerned. The
first device to be tested was the simple slot, singly and with two in series. Figure A-I shows selected
photographs of the flow visualized with smoke, while Figure A-2 presents diagrams traced from photo-
graphs, showing these results for the three aerofoils tested, namely of 600, 750, and 900 circular arc
camber. All were approximately of 10% t/c. C.4 section, and all tests were at 00 incidence. The per-
formance, measured from these figures, is summarized below.

Camber No Slots One Slot Two Slots

Deflection Deviation Deflection Deviation Deflection Deviation

600 460 140 460 140 510 90

750 510 240 590 160 630 120

900 660 240 680 220 740 160

This shows the reduction in deviation (or improvement in performance) due to the slots, particularly
at high camber angles. It also shows that while two slots are better than one, the improvement is
diminishing and suggests that two is probably the maximum effective number.

At this stage the slots were designed purely by eye, on the well-known engineering principle
that "if it looks right, then it is right". Smoke visualization showed that quite an appreciable quantity
of air flowed through the slot from pressure side to suction side of the wing. At a later stage in the
program it was necessary to vary the slot profile systematically, and relate this to performance and to
total pressure loss in the aerofoil wake. This step was omitted in this first crude investigation.

A.2.1 Leading Edge Slat

As an extreme case of the slot, a leading edge slat of orthodox type was tested on the 900
camber aerofoil (Fig. A-3b). So far as could be seen, this slat, which formed a slot at the nose of the
aerofoil, had no influence over the flow over the trailing 50% of the aerofoil. It might have shown to
advantage at high positive incidence angles (the usual role of the leading edge slat), but this was not the
aim of this experiment.

A.2.2 Deflector

A further extreme case was the use of a simple deflector. Figure A-3c shows the deflector
tried. It was a 10% C.4 aerofoil of about 300 camber. It did indeed stick the flow to the convex
surface of the main aerofoil, but was itself completely stalled over its convex surface. The associated
losses and general flow disruption were obviously too bad for this scheme to be of any use in this
connection.

A.2.3 Vortex Generators

Vortex generators were tried, in an attempt to get vortices to pull down a continuous supply
of high energy air into the boundary layer, in the hope of keeping it attached.

On the basis of Gould's use of aerofoil-type generators on the wings of an aircraft and a note
by Schubauer and Spangenberg (Ref. 3), both aerofoil and wedge type vortex generators were made.

The aerofoil type (A-4b) thickened the boundary layer and wake very considerably, but did
not appear to reduce the deviation; if anything the deviation increased by about 40 over the value with
no device.

The wedge type was tested in two arrangements, (see Figs. A-4c and A-4d). Reference 3
shows that such wedges are effective vortex generators both with the apex up-wind ("Triangular Plow")

*1
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and in the reverse direction ("Ramp"), although their other characteristics differ slightly in the two
positions.

The "Ramp" position (Fig. A-4c) was tried first. While it did reduce the deviation a little
more than the aerofoil vortex generators, it still thickened the wake very much, and was much less
stable in operation. Disturbances were likely to detach the airstream from the convex surface cf thei;J blade.

The "Triangular Plow" type was then tried. It normally tripped the flow completely off the
aerofoil, as shown in Figure A-4d. It was possible to force the flow back onto the blade, but it
detached again at the slightest provocation.

A.3 STABILITY

This raised the question of the stability of these devices in an acute manner. At this early
stage in the program an extremely crude test wA.s devised, to separate devices into Stable, Neutral, and
Unstable groups. This was a vital step, since as previously explained the aim of the program was to
select devices which would perform reliably in a practical compressor, and which could reorganize the
chaotic flow after a condition change or even a surge.

To make the test, the flow was set up with smoke to make it visible. If it was attached to

the aerofoil, one hand was put into the tunnel like a scoop, to detach the flow by main force. When
the hand was removed, if the flow promptly reattached, the configuration was considered "Stable".

If the flow refused to attach in the first place or detached while running, the hand was put
in the other way and the flow forced down onto the blade. When the hand was removed, if the flow
immediately detached again, it was judged "Unstable".

If the flow remained whichever way it was pushed, after the hand was withdrawn, it was
classed as "Neutral".

On this showing, the Vortex Generators were Neutral, except the Triangular Plow, which
was completely Unstable. The one and two slot configurations, however, were all completely Stable.

A.4 CONCLUSIONS

The first phase of the program therefore closed with the decision that the Vortex Generators,
L.E. Slats and Deflector Vanes were unsuitable for the requirement. Attention was therefore concen-
trated on the use of slotted blades, which appeared to show promise of preventing detachment of flow
from the suction wall of the centrifugal compressor channel.

I,
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A. UNMODIFIED AEROFOIL

B. SAME AEROFOIL

WITH TWO SLOTS

C. SAME AEROFOIL, WITH
ROW OF "TRIANGULAR PLOW"
VORTEX GENERATORS
(FLOW COMPLETELY DETACHED)

FIG. A-1: STATIC TESTS - SMOKE VISUALIZATION OF FLOW
(900 CAMBERED AEROFOIL)
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FIG. A-2: STATIC TESTS
(VARIOUS SLOTTED BLADES)
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900 CAMBER AEROFOIL

A. UNMODIFIED AEROFOIL 48
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FIG. A-4: STATIC TESTS
(VORTEX GENERATORS)
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APPENDIX B

B.1 INDEX OF BLADES TESTED

There were three sets of blading, Nos. 1, 2, and 3. Each of these sets was first tested plain,
and then tested again after two slots had been added to each blade. The unslotted and slotted blades
were identified as "A" and "B" respectively of each set 1, 2, or 3.

A further variant of each set was tested (identified as "C") in which the blade consisted of a
simple 5 mm thick sheet, laid on the same camberline as the "A" and "B" variants of each set 1, 2, or
3. This "C" variant was also tested with a greater number of blades in the ring, to alter the solidity of
the ring (identified as "Cm" variant).

The "C" variant originated in an earlier series of tests (Ref. 2), and differs slightly from the
"A" and "B" variants in that the blade leading edge pitch circle diameter is a little smaller (0.802 m
instead of 0.840 m diameter), but it seems unlikely that this would invalidate the comparison.

INDEX OF BLADES TESTED

Vel VB2 VB3
BLADE IDENTITY VB SERIES

A B C Cm A B C Cm A B C Cm

Impeller Blade L.E. Pitch Circle Diam. 0.838 m 0.803 m 0.838 m 0.803 m 0.838 m 0.803 m

Impeller Blade T.E. Pitch Circle Diam. 1.483 m 1.483 m 1.483 m

Blade Inlet Angle (to Tangential Direction) 35' 300 350 350

Blade Outlet Angle (to Tangential Direction) 30* 26' 62.5' 90' Radial

Aerofoil Section C-4 Thin Plate C-4 Thin Plate C-4 Thin Plate

Aerofoil Section Max. Thickness/Chord 10% 1% 10% 1.5% 10% 2.0%

Blade Height 0.082 m 0.082 m 0.082 m

Camberline Circular Arc Straight Circular Arc

No. of Blades 8 8 I 8 14 II 11 11 19 13 13 13 23

All experiments in this phase carried out at 70 RPM, with atmospheric inlet.
Throttling to vary flow applied at delivery only. Other rotational speeds
were tested and reported in References 4 and 5.

I__________________________
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S BLADES
CA4. 10% t/c
SECTION.
BLADE SET VBI-A

8 BLADES. CA 10% t/c SECTION.
BLADE SET VBl1S

BLADE SET VBl-

S LAES TINPLTE

14 BLADES THIN PLATE.

FIG. B-3: BLADE SETS VBI.A, B, C, AND Cm
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11BLADES--
C-4, 10% tic
SECTION.
BLADE SET VB2-A

P 11 BLADES, C4A 10% t/c SECTION.
BLADE SET V82-8

BLADE SET V82-

Cm

19 BLADES, THIN PLATE.

FIG. 54: BLADE SETS VB2-A. B, C, AND Cm



- 33.

13 BLADES
CA 10% tic
SECTION.0
BLADE SET V83-A

BSLADE SET VB3-B

13BLADE S TI PLATE

Cm

23 BLADES, THIN PLATE.

FIG. B-5: BLADE SETS VB3.A, B, C, AND Cm
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APPENDIX C

DISCUSSION OF SLOTS IN THE BLADES

C.1 DESCRIPTION OF BLADES

All the "aerofoil" blades tested were of C-4 Section with max. thickness (at 30% C) equal to
10% C. The blades were therefore orthodox axial compressor aerofoils.

C.2 DESCRIPTION OF SLOTS

Four rules were proposed for the design of the slots as follows:

(i) The slot must inhale with minimum loss and disturbance from flow parallel to the blade
pressure surface.

(ii) The radius of curvature of the slot centreline must be kept as large as possible, and the rate
of change of area shall be roughly constant through the slot.

(iii) The slot must eject flow as nearly parallel to the blade suction surface as possible, with as
little disturbance as possible.

(iv) Total pressure loss in the slot must be a minimum.

Conditions 1, 2, and 3, control the slot centreline geometry. Ideally, it should be formed by
two circular arcs of equal radii. In practice it is made as near to this as possible (see Fig. C-1).

These slot centreline radii are controlled by the aerofoil thickness, the required area ratio
(A, /A2 ) through the slot, and the points a and i on the surfaces, where flow is to enter and leave.
These points are governed by the flow field round the aerofoil, and were determined experimentally.
They are defined by the percentage of chord aft of the leading edge (Q1 and 92 , a' and i' on the chord
line). Condition 4 is complex. Ideally, the slot should admit air at the local velocity near the slot
inlet, and accelerate it at a reasonably constant rate, so that it leaves the slot at the corresponding local
velocity in the region of the slot exit, assuming ideal flow around the aerofoil. If a flow quantity
through the slot is chosen, and the flow field round the aerofoil specified, the slot profile can then be
defined.

In point of fact, experiments gave sufficient indication of the size of slot required to give an
effective flow, without letting too much of the total airflow "blow through the blades". Also, since
the blade has to operate over a range of angles of incidence, which means a range of different velocity
distributions round the blade, the degree of acceleration from slot inlet to outlet must be some com-
promise selected to cover a range of values. It was found that an Area Ratio Ai /A2 of around 5.5
produced satisfactory results, with a Flap Gap (see below) of from 2.0% to 2.5%.

Finally, the slot inlet lip is faired into the aerofoil pressure surface with radius to avoid
detachment either from the slot wall or off the aerofoil surface downstream of the slot lip, as the
incidence and local flow change.

The points on pressure and su -tion surfaces where the slot enters and leaves were initially
chosen from inspection of boundary layer detachment points visualized by smoke; from then on the
effects of slot shift, different numbers of slots etc., were investigated in the experimental program.

The sdots used were designed in& very empirical manner as the above rules were evolved.
They are analysed in retrospect in Figures 9 and 10 on the basis of these rules.

I
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C.3 COMPARISON WITH FOSTER'S PAPER (AIAA 71-96) (Ref. 4)

A paper by Foster of RAE, "The Flow round wing sections with high-lift devices", describing
experiments on slots in wings became available in January 1971. It discussed work directly comparable
to the investigation described here, although with much lower camber and deflection angles. Foster
uses "Flap Gap" (slot throat width/chord) % as the parameter describing his geometries, and his
results show a strong optimum over the range from 1.5% to 2.5%, with a peak at about 2.2%. It was
observed with considerable interest that the two slots in the most successful arrangement of the
program reported here have "Flap Gap" values of 2.42% and 2.06%.

The flow visualizations carried out in this program also agree with Foster's conclusion, based
on wake pressure surveys, (Foster's Fig. 7) which is that: "The optimum gap is at, or very near to, the
smallest gap at which the boundary layer on the flap and the boundary layer on the wing lower surface
are just separate". In other words, the gap must be wide enough to allow a jet of free-stream air from
the pressure side of the aerofoil to be transferred onto the suction side downstream of the slot, so that
the suction side is insulated from the low energy boundary layer which has built up upstream of the
slot.

Such qualitative and quantitative agreement between results derived from very different
sources was extremely encouraging. It also suggested that provided this conclusion was realized, the
system should not be sensitive to Reynolds Number changes.
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SLOTi 1  10O.7% C =42.5% C
AREA RATIO = 5.3 FLAP GAP - 2.42%

SLOT 2 Q3 40.0% C Q4 -77.0% C
AREA RATIO = 5.7 FLAP GAP -2.06%
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